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Abstract

Ultrasonic power and data transfer is a promising technology for implantable medical devices because of its non-
invasiveness, deep penetration depth, and potential for a high-power transmission rate with a low specific absorption
rate. However, ultrasound-powered implantable devices still suffer from low power transfer efficiency due to beam
misalignment and are limited to short-term use due to the bulkiness of the transmitting transducers. Here, we report
the first proof of concept for adaptive positioning and targeting of ultrasound-based implantable devices through
ultrasound image guidance. A lightweight patch-type ultrasonic transducer array is fabricated to enable ultrasound
imaging and beam-forming during long-term operation. The uniform performance of the array is established through
the silicon micromachining process. We demonstrate the complete scheme of imaging, positioning, and targeted
power transfer in an ex vivo environment, achieving precise targeting of moving implanted devices through real-time
ultrasound imaging. Enhanced power transfer efficiency through the use of patch-type ultrasonic transducers can
enhance patient comfort and minimize invasive procedures, opening new applications for ultrasonic-powered

implantable devices.

Introduction

Implantable medical devices (IMDs) are a promising
technology designed to support, monitor, and restore
critical functions of human organs. By placing the device
directly at the targeted tissue interface, IMDs enable
precise and controlled therapy'™. For patients with
complex regional pain syndromes (CRPS), an implantable
electrical stimulator can effectively modulate spinal cord
nerves to help control chronic pain®. Another condition
requiring continuous monitoring and real-time treatment
is arrhythmia, which is managed by implanting an artifi-
cial pacemaker in the heart. Artificially generated elec-
trical signals are applied to the myocardium to induce
regular heart contractions, maintain a normal heart
rhythm, and support effective blood pumping®®. In
addition to stimulation, IMDs are used for continuous
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monitoring of physiological signals that are challenging to
measure from outside, such as bladder pressure®. Now
widely used in clinical practice, IMDs are essential in
sustaining the lives of patients in need by providing
continuous monitoring and targeted stimulation from
within the body®”.

Although most IMDs are designed to consume low
power (typically less than several hundred uW), high-
capacity batteries commonly used in IMDs still have
limited lifespans, necessitating additional surgeries for
battery replacement®’. To overcome the need for re-
surgery, recharging batteries via wireless power trans-
mission (WPT) has emerged as a potential solution for
continuously powering the implanted devices. Two widely
adopted WPT methods are inductive power transfer and
capacitive power transfer. While capacitive coupling
allows high-power transmission above 100 mW without
requiring precise alignment, the high specific absorption
rate of the electric field in the human body limits its
penetration depth (<1 cm). In contrast, inductive power
transfer that delivers in the range of 20 mW enables
power transmission at greater depths (over several tens of
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millimeters), though the inductive method requires pre-
cise alignment between the transmission and reception
devices.

A new modality is required to deliver power to deeper
structures with high efficiency, which is essential in
monitoring signals from deep organs such as gastric
waves and cardiac functions. Due to its long penetration
depth and well-established safety profile, ultrasound has
emerged as a promising modality for transferring power
and data to devices that are implanted in deep tissues'®.
Ultrasound has achieved high-power transmission effi-
ciency (above several hundred uW), which is sufficient to
operate commercial pacemakers''. In addition, since the
specific absorption rate of ultrasound is much smaller
than that of electromagnetic waves, the penetration depth
of ultrasound is in the order of several centimeters,
extending its use beyond subdermal applications'®.
Despite the promise, the ultrasonic transfer method also
faces challenges. Power transfer efficiency highly depends
on the alignment between the ultrasound beam and the
device'®. Device placement is also constrained by ultra-
sound attenuation in various structures, such as sur-
rounding tissues and bones'®. Furthermore, long-term
and continuous operation remains challenging as most
ultrasonic transducers are designed as handheld probes,
which require another person to hold the devices during
the power and data transfer.

Here, we present long-term ultrasound power transfer
with adaptive alignment of the ultrasound beam through
the development of the patch-type ultrasonic transducer
array (Fig. 1a). While the position of IMDs is continuously
monitored through ultrasound imaging, a focused beam
of ultrasound for power transmission could be adaptively
modulated to target the device correctly’®. Several studies
have demonstrated power and signal transfer using
ultrasonic localization. However, most have relied on bulk
transducers for ultrasound transmission (Table S1).
Conventional handheld transducers often face challenges
such as displacement from the skin surface during
motion, leading to difficulties in maintaining ultrasound
imaging and power delivery over long-term operation. To
overcome these limitations and enable long-term opera-
tion, we developed an attachable patch composed of a 1D
capacitive micromachined ultrasonic transducer (CMUT)
array with sufficient acoustic performance to achieve both
ultrasound imaging and beam-forming to monitor and
power an IMD. Empowered by its wide bandwidth and
compact packaging without a backing layer, CMUT is a
suitable choice for the patch-type ultrasound transducers
compared to the other transducer types (Table. S2).
Adaptively targeted power transfer was demonstrated in
an ex vivo environment using a chicken breast phantom,
exhibiting a power level of 166 nW. In addition to the
adaptive ultrasound power transfer, we demonstrated the

Page 2 of 12

first proof of concept of the long-term, adaptive targeting
of power transfer via ultrasound. Enhanced patient com-
fort and improved power transfer efficiency using patch-
type ultrasonic transducers open up new applications of
ultrasonic-powered implantable devices for long-range
and long-term monitoring.

Results and discussion
Design of patch-type CMUTs

We developed a patch composed of a rigid silicon-based
CMUT array (Fig. 1b). The patch-type package that can
be readily attached to the skin was devised to allow long-
term operation. Two key components of patch-type
ultrasonic transducers are the transducer array itself and
the coupling medium between the transducer and the
skin. While flexible ultrasonic transducers adhere con-
formally to skin and require no coupling layer, they are
prone to inevitable beam misalignment during body
movements'®'”. In addition, patch-type ultrasound
transducers do not experience significant curvature
changes since most targets are soft tissues with smooth
curvature, such as the abdominal and thoracic cavities.
Thus, we chose a rigid transducer to avoid misalignment
and provide stable imaging. A suitable coupling medium
must be free of air to minimize the impedance mismatch,
exhibit low ultrasound attenuation to maximize the
transmission, and exhibit adhesive characteristics'®,
We used the calcium (Ca™*)-modified silk adhesive as the
coupling layer, which offers high adhesive characteristics
and high ultrasound transmission (Fig. 1c)'®. The hydro-
philic silk patch absorbs moisture from the skin surface
and fills the cavity between the transducer and skin
wrinkles. To prevent an electrical short between the
electrode on the transducer and the silk patch, a thin
PDMS layer was coated on the surface of the transducer
as an encapsulation layer. Considering the thickness,
acoustic impedance, and attenuation rate, the transmis-
sion signal degradation of 23.17 dB was estimated (Fig. S1
and Table S3). Lastly, the transducer was implemented in
a 1D array configuration to enable adaptive tracking of an
IMD location through ultrasound B-mode imaging.

Since the aperture size is inversely proportional to the
beam width at the focus, a larger aperture is beneficial
for ultrasonic power and signal transfer applications
(Fig. S2). For the rigid transducer, the aperture size
should be sufficiently small to withstand the movement
of the human body while sufficiently large to allow long
imaging depth. To investigate the optimal size, k-Wave
simulation was conducted for three aperture sizes (4.8,
9.6, and 14.4 mm) of 1D ultrasound arrays composed of
16, 32, and 48 channels (Fig. 1d). Since the chest depth
of male humans ranges from 20cm to 30 cm?®?t we
obtained the lateral resolution at 10 cm, close to the
midway of a typical upper torso. The resolution was
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characterized by obtaining —6dB full width at half
maximum (FWHM) on the pressure field*>. Since the
lateral resolutions of 32 and 48 channels at 10 cm (3.12
and 2.12 mm, respectively) were significantly higher than
that of 16 channels but comparable to each other, we
chose the design of 32 channels to minimize the sus-
ceptibility to body movements (Fig. 1e).

Characterization of packaged 1D CMUT arrays
We designed and fabricated 1D CMUT arrays with 32
channels for ultrasound imaging using the standard

CMUT fabrication process based on the wafer-bonding
method (Fig. S3). The 32 channels were arranged in a 1D
linear configuration with a pitch of 300 um. Each element
was composed of 336 circular cells with a membrane
radius of 18 pum and a thickness of 1.9 um, which was
suspended on a vacuum cavity with a gap height of
120 nm and 120-nm-thick silicon dioxide (SiO,) insula-
tion layer (Fig. S4). The cross-sectional scanning electron
microscope (SEM) images (S-4800, Hitachi, Japan) of a
single cell confirmed that the structural dimensions of the
fabricated CMUTs matched well with the design (Fig. 2a
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before and after the encapsulation

and Fig. S5). A clear deflection of the membranes was
observed using a 3D optical profiler (ContourGT,
Brucker, USA), confirming the successful electrostatic
actuation of the CMUT membrane (Fig. 2b). To analyze
the deflection range of a single cell, the maximum static
deflection was measured as a function of DC bias voltage
using an optical profiler (Fig. $S6). The maximum applic-
able voltage was determined by the breakdown voltage of

the insulator. At 95V, the membrane exhibited a max-
imum deflection of approximately 24.73 nm, which cor-
responds to 20.6% of the gap height. The fabricated
CMUT was packaged into a 4-mm-thick patch where the
size of the contact area with the skin was 13.0 mm by
11.5 mm (Fig. 2c).

The electrical characteristics of the 1D CMUT array
were measured to confirm its operation in air. A clear
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spring softening effect where resonant frequency
decreased at higher DC bias voltages was observed (Fig.
2d). The electrical impedance of CMUT in air was mod-
eled using a six-element Butterworth-Van Dyke (BVD)
model, which consists of series contact impedances (R,
C,), mechanical impedance components (R,, L, C,), and
electrical capacitance of the device (Co)®. The values of
R, C, R, L, C,, and Cy were 2.14 kQ, 70.59 pF, 334.8 Q),
14.85 mH, 843.1fF, and 43.39 pF, respectively (Fig. 2e).
The electromechanical coupling coefficient (k?), which
indicates conversion efficiency between electrical and
acoustic energy, was estimated to be 2.6 x 10>, ki was
derived using the following equation where the capaci-
tance of a single CMUT element was measured in an oil-
immersed environment (Fig. S7) 2

G

k3 =1-
K7 Cr

Uniform distribution of resonant frequencies with a
center frequency of 14.7 MHz in the air was observed
across all channels with a standard deviation of 85.2 kHz
(Fig. 2f). Finally, we characterized the acoustic char-
acteristics of a single channel, including impulse response,
transmit sensitivity, and receive sensitivity. A pitch-catch
measurement showed that the center frequency and the
—6 dB fractional bandwidth of the single channel were
8.86 MHz in water and 109%, respectively (Fig. 2g). At a
fixed bias voltage of 70V, transmit sensitivity was about
528 Pa/V for AC voltage while the receive sensitivity was
13 uV/kPa (Fig. 2h). The effect of the encapsulation
material on the acoustic transmission was also evaluated
(Fig. 2i). After the encapsulation, the pressure was
decreased to 45.2% of the initial pressure.

B-mode imaging and targeted ultrasound transmission
Based on the successful pitch-catch measurement, the
imaging performance of the patch-type 1D CMUT array
was evaluated using a custom-built string phantom
(Fig. 3a). We conducted a linear B-mode imaging to
obtain point responses from the string phantom located at
a depth of 1 cm, 2 cm, and 3 cm (Fig. 3b). The axial and
lateral resolution and signal-to-noise ratio at different
depths was measured. As the FWHM of the point spread
function is known to be the resolution of the point™, the
resolution was determined from the point spread function
of the string by depth. The FWHM of axial and lateral
direction for 3cm depth was 4.26 mm and 2.26 mm,
respectively, which indicated sufficient image resolution
to locate the position since most IMDs should be larger
than 2.26 mm (Fig. 3c)®°. In addition, a stable signal-to-
noise ratio above 16.76 dB was maintained up to 3 cm
(Fig. 3d). To further support the data, a simulation was
conducted using Field II to analyze the relationship
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between the peak intensity of the point spread function
and detection distance (Fig. S8). The simulation assumed
a homogeneous environment with an attenuation coeffi-
cient of 1.43 dB/cm/MHz, which corresponds to the
attenuation rate of the human chest”. According to the
results, the peak intensity decreases beyond 4 cm. Since
the aperture size is limited for patch-type transducers,
phased array operation is beneficial in order to achieve a
wider region of interest (ROI). Although we initially
adopted linear operation for higher resolution and sensi-
tivity, additional analysis of phased array operation was
conducted using Field II simulation. A simulated trans-
ducer array with the same specifications as the proposed
design was implemented in the simulation field. A single-
wire phantom was placed at a depth of 4 cm, and steering
angles ranged from —40° to 40° (Fig. S9). The dynamic
range was set to 60 dB, and the scan lines varied up to 128.
Within the extended ROI, the resolution of the wire
phantom remained within 3 mm from —18° to 18°, which
is sufficient for detecting breast cancer lesions *.

To evaluate the performance of targeted ultrasound
transmission for both power and data transfer, dynami-
cally focused beams from the patch-type devices were
analyzed through acoustic beam profile measurement.
The time delay was applied to each channel to form a
focus at the 1cm depth. Beam profile measurements
confirm successful steering from +10° to —10° in 5°
increments with focus at 1cm axially away from the
surface of the transducer (Fig. 3e). The characteristics of
the ultrasound transmission for power transfer were
evaluated by analyzing the impulse response of the
transducer. The center frequency of 8.61 MHz was
observed, which decides the operational frequency for
power transfer (Fig. 3f). The ability of the power trans-
mission was also evaluated by measuring the maximum
pressure at the focal point (Fig. 3g). The pressure level was
measured as 65.3 kPa on the focus with a center frequency
of 8.61 MHz, which implies the ultrasonic intensity of
156 mW/cm? Actual power received by the IMD is
determined by the area of the energy-harvesting compo-
nent of the device, which is a product of the intensity and
the area *°.

In a typical communication system utilizing pulsed signal
transmission, the width of a single pulse or the bandwidth
determines the bit-rate of the system®’. The impulse
response of a single channel showed a wide —3 dB frac-
tional bandwidth of 85.7% without any additional backing
layer (Fig. 3f)>"%. As the single pulse width exhibits a
single-bit transmission period, the bit-rate was calculated as
a reciprocal of the pulse width. The width of the single
pulse was demonstrated to be 142 ns, which indicates a
bit-rate of 7.04 MHz. The wide fractional bandwidth
implies the ability to transmit ultrasound in a broad oper-
ating frequency range. Adaptive control of the operating
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frequency, tailored to specific applications, is achievable
with systems offering a wide frequency range. For instance,
if the device is implanted near highly attenuative tissue, the
center frequency for signal transmission can be adjusted to
a lower frequency, which exhibits reduced attenuation. The
penetration depth can also be adjusted by modifying the
frequency, allowing systems with wide operational fre-
quency ranges to cover a broader region of interest. Thus,
since the attenuation rate is a strong function of the
transmission signal frequency, the signal transmission can
be adaptively controlled based on the attenuation char-
acteristics of the target tissue around the implanted
device®®. We demonstrated the ability to transmit signals
over the wide bandwidth of the device by using our patch to
transmit signals with a carrier frequency from 6 MHz to
13 MHz (Fig. 3h). To transmit signals with ultrasound,
focused targeted transmission of the signal is necessary to
achieve a high bit-rate. The transferred impulse signal from
the focus and off-focused points was compared to justify
the significance of targeted transmission (Fig. S10). Due to
the mismatch of time of flight, the bandwidth of the
received signal from the off-focused point was decreased to
3.29 MHz.

Long-term and mechanical stability

We evaluated both the long-term and mechanical sta-
bility of the patch-type CMUTs to validate their ability to
support reliable long-term and continuous operation.
First, the stability of the coupling layer was evaluated by
measuring the FWHM of the pressure field focused at
2 cm depth. The long-term stability of silk gel compared
to the conventional ultrasonic gel was observed after 12 h
(Fig. S11). After 12h, the FWHM of the patch-type
CMUTs with silk coupling material was within the error
of 0.27%, which maintained a constant level of perfor-
mance compared to the ultrasonic gel (error of 4.6%).
After confirming the long-term use of a coupling medium,
a focused ultrasound beam profile was measured for three
sessions with an interval of 12 h to monitor the long-term
stability of beam-forming. During the total measurement
sessions, the device was attached through the silk adhesive
coupling layer to the 2-mm-thick polymethylpentene
(TPX) plate, which is known to exhibit similar acoustic
impedance to human tissue®*. The focused ultrasound
beam pattern was successfully maintained throughout the
whole session; the FWHM was maintained within an
average and standard deviation of 598 um and 57.6 pm,
respectively (Fig. 4a, b). In addition, B-mode ultrasound
imaging was conducted at 12-h intervals throughout the
day to evaluate the long-term stability of imaging per-
formance (Fig. 4c). The point spread function of the string
phantom at 2 cm depth was observed throughout the total
session. Lateral and axial resolutions below 3.1 mm and
0.98 mm, respectively, were observed over 24 h (Fig. 4d).
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The resolution of the ultrasonic image degraded after 12 h
due to electrode damage caused by humidity-induced
swelling of the PDMS layer.

As the proposed patch is designed to adhere to the skin,
it must endure the potential strain caused by skin
movement and deformation (Fig. S12). To evaluate the
mechanical durability of the device, a specially designed
phantom was constructed with gelatin. The CMUT patch
was attached to the top of the phantom, and the strain was
applied in three orthogonal directions: along the roll,
pitch, and yaw axes, twisting along the axial direction. The
signal-to-noise ratio of the point spread function for roll,
pitch, and yaw axes was decreased by 2.56 dB, 1.91 dB, and
0.84-dB, respectively (Fig. S13).

Ex vivo targeted power transfer assisted by continuous
image monitoring

To validate the concept of adaptive power transfer, an
ultrasound imaging session followed by the power trans-
mission was conducted on the implanted devices on the
chicken breast phantom (Fig. 5a). As a piezoelectric disk
was inserted on the 1 cm depth of the chicken breast, the
patch-type CMUT was attached to the top of the tissue to
mimic the wearable applications. The electrical impe-
dance of the inserted piezoelectric disk transducer was
analyzed to obtain the center frequency and equivalent
circuit model (Fig. 5b, c). The equivalent circuit model
was analyzed using the Butterworth-Van Dyke (BVD)
model including the parallel parasitic components®,
which were attributed to the parallel interconnection
from the soldered regions on the PZT. The resonant
frequency of the piezoelectric transducer was 10.8 MHz,
while Cy, Ry, Ly, and C, were 31.8 pF, 13.1 Q, 2.74 pH, and
68.9 pF, respectively (Fig. 5c). Equivalent series compo-
nents were added to the model to adequately describe the
parasitic components of the piezoelectric transducer.
Lest, Resr, Cese, and Repr were 511 nH, 1.6 Q, 1.10 nF,
and 733 Q, respectively. Since the piezoelectric transducer
was directly connected to the oscilloscope, the equivalent
circuit model consisted of the piezoelectric transducer
connected in parallel to the parasitic capacitance (C,) and
the input resistance (Rp) of the oscilloscope, which was
13 pF and 50 Q, respectively (Fig. 5b).

The encapsulated piezoelectric disk inside the chicken
breast was identified through the ultrasound B-mode
imaging session (Fig. 5d). Then, the focused ultrasound
beam was transmitted along the scanline of B-mode ima-
ging with a focus at 1cm depth. To evaluate the power
transmission rate, the patch-type CMUT biased at 70 V was
driven by a waveform consisting of 15 cycles of a square
wave at the center frequency of the transducer (10.8 MHz)
(Fig. 5e), and the transmitted signal was received by the
embedded piezoelectric transducer. The total induced
power through this ultrasound transmission was calculated
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based on the measured voltage signals and using the
equivalent circuit model. The measured root mean square
(RMS) of the voltage signal was 2.76 mV, and the power
was calculated by dividing the real part of the impedance by
the square of the RMS voltage. As the total impedance of
the system, including the oscilloscope, was 33.67-20i (), the
average received power for the total system was calculated
to be 166 nW. Lastly, the data transmission was demon-
strated by transmitting 7 cycles of square signals at a carrier
frequency of 10.8 MHz. The 7 cycles were utilized as a
single-bit, and thus a coded signal of ‘101" was successfully
transmitted to the targeted site (Fig. 5f).

Discussion

In this work, a concept of ultrasound-guided powering of
ultrasound-based implantable devices was demonstrated
with a miniaturized patch-type ultrasonic transducer. To
enable long-term operation for monitoring and powering
an IMD, a patch-type device was designed and fabricated.
By utilizing CMUT as the ultrasound transducer, the
requirements for additional layers, such as backing and
matching layers, were eliminated, resulting in the light-
weight form factor. The high-yield wafer-scale fabrication
enabled uniform distribution of the micromachined

transducer array and thus stable performance across the
elements. Image-guiding performance was demonstrated
by conducting B-mode imaging of a string phantom with a
high acoustic impedance, which simulated IMDs con-
structed with materials with high acoustic impedance®.
Sufficient beam-forming performance, steering perfor-
mance, and suitable power were demonstrated with patch-
type CMUTs. The CMUT patch demonstrated stable
transmission and reception performance over the long-
term sessions, which supports its potential to be used for
long-term monitoring of deep tissue via implantable devi-
ces. In addition, stable imaging of a phantom was also
observed using the CMUT patch under strains at various
directions, which emulated the atypical movement of skin
underneath the device.

While we demonstrated the proof of concept of using a
wearable ultrasound patch to achieve both power and data
transmission through accurate alignment using B-mode
imaging, there remains room for several improvements.
First, the CMUT can be further optimized for imaging
performance. Even if CMUT is not the best choice for high
transmission, there are possible methods to improve its
performance to better suit the application. If a CMUT is
developed for transmission applications, a higher Q-factor
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is used to receive ultrasound signal. d Ultrasound B-mode image of the implanted piezoelectric device. e Transmitted waveform and received signals
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of the structure is preferred to generate high-power trans-
mission, which leads to a higher spring constant and
membrane thickness®’. A thick vacuum gap is also pre-
ferred for transmission applications since the maximum
displacements of the device are limited by the gap height.
However, since the receive sensitivity of the CMUT is
inversely proportional to the effective gap height, CMUT
designs to achieve high-power transmission are unfavorable
for ultrasound imaging applications that also require
excellent receive sensitivity’®. In this work, since the

effective gap height was higher than that of the previous
CMUTs for the imaging application (Table S4), the imaging
sensitivity of the transducer was not optimal, and the
detection objects were limited to highly reflective objects
such as metal wires. Another approach is to use separate
elements in the array for transmission and reception®. Each
element can be optimized for transmission and reception,
which increases the efficiency of the overall system.

If the sensitivity is further improved, complex imaging
schemes can be used for the patch-type CMUTs. In this
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work, we use the CMUTs for linear B-mode imaging. If
the sensitivity is improved, the transducer can be used as a
sector probe, which increases the field of view with the
limited aperture size'®, enhancing the advantage of
wearable devices with a compact form factor. Further-
more, since ultrasound imaging facilitates distinguishing
slight differences between flexible materials via quantita-
tive imaging, the same system can also monitor IMDs
with flexible materials.

Materials and methods
Fabrication of 1D capacitive micromachined ultrasonic
transducer array

1D CMUT arrays were fabricated using the conven-
tional wafer-bonding process (Fig. $3)*'. A 4-inch silicon-
on-insulator (SOI) wafer with a 1.9-um-thick silicon
device layer was oxidized using a thermal wet oxidation
process to form a 120-nm-thick silicon oxide layer. Next,
circular cavities with a radius of 18 um were patterned
through the photolithography process (MA/BA6 Gen4,
SUSS MicroTec, Germany) and wet etching using
buffered-oxide-etch (BOE) 6:1 solution at room tem-
perature. Another highly conductive silicon wafer was
thermally oxidized to form a 120-nm-thick SiO, layer,
which served as an insulation layer inside the cavity to
prevent breakdown. After cleaning two wafers with pir-
anha solution (3:1 (v/v) mixture of 98% of H,SO, and 34%
of HyO, (aq)) at 70°C for 10 min, the surface of two
wafers was hydrophilized with the RCA1 process for
10 min. The RCA1 solution was prepared by a 5:1:1 (v/v)
mixture of deionized water, 34% ammonium hydroxide
(NH4OH) (aq) solution, and 34% hydrogen peroxide
(H,0,) (aq) at 70°C. Immediately after the cleaning
process, two wafers were directly bonded in a high
vacuum chamber under 3 x 10> mbar (SBSE, SUSS
MicroTec, Germany), followed by 4h of annealing at
1050 °C in N, atmosphere to achieve permanent covalent
bonding at the SiO,-SiO, interface.

After the bonding, the handle layer of the SOI wafer was
removed through a Si chemical mechanical polishing
(CMP), followed by silicon wet etching with 25% of tet-
ramethylammonium hydroxide (aq) solution at 65°C.
After removing the buried-oxide layer with 49% hydrogen
fluoride (HF) (aq) solution, the exposed silicon membrane
was isolated by a reactive ion etching (RIE) to prevent
crosstalk between adjacent elements. The oxide layer was
patterned and opened using RIE to access the heavily
boron-doped substrate, which is used as shared bottom
electrodes for the CMUT array. Top and bottom elec-
trodes were formed by depositing and wet etching a
200-nm-thick gold layer with an adhesion layer of a
10-nm-thick chrome film. Finally, each array was isolated
using a saw-dicing process.
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Patch packaging

A rigid-flexible printed circuit board was custom-
designed and manufactured to provide an electrical con-
nection to a CMUT die. A rigid rectangular stiffener
board about 11 mm by 10 mm was applied to the backside
of the CMUT die to achieve successful wire bonding.
After attaching the CMUT die to the rigid-flexible printed
circuit board, every channel (top electrodes) and ground
electrodes were wire bonded using a 75um thick gold
wire (TPT HBO5, TPT Wire Bonder GmbH & Co. KG,
Germany). After molding the wires with epoxy resin, the
whole structure of CMUT was encapsulated by PDMS
(Sylgard 184, Dow Inc., USA). Using the epoxy to form a
dam around the device, the mixture of PDMS and curing
agent with a ratio of 10:1 (w/w) was drop cast on the
upper side of CMUT and cured in a 60 °C oven overnight
(Fig. 1c). To enhance ultrasound transmission between
the packaged CMUT and skin, a Ca" -modified silk fibroin
adhesive layer was applied. The silk patch was prepared
following the method of previously reported work®.
Finally, a 50 mm by 50 mm polyethylene film for medical
use (Tegaderm, 3 M, USA) was placed over the patch-type
CMUT to strengthen the attachment of the patch to
the skin.

Input impedance characterization

The input impedance of the CMUT array was measured
through an impedance analyzer in air (E4990A, Keysight
Technologies, USA). The bias voltage from 13.5V to
77.0V was applied to each channel. The resonant fre-
quency of each channel was extracted to validate the
uniformity of channels in the array.

Acoustic characterization

Impulse response, transmit sensitivity, and ultrasound
beam profile were measured to characterize and evaluate
the acoustic properties of the developed patch-type
CMUTs. The impulse response was measured by the
one-way method using a needle hydrophone (NHO500,
Precision Acoustics, United Kingdom). The patch-type
CMUT was positioned in the soybean oil tank at a dis-
tance of 10mm from the observing point. A single
channel of the array was driven by a 10V unipolar
pulse signal with 50 ns in width. The frequency responses
were obtained by performing a fast Fourier transform of
the measured impulse transient signal.

Using the same setup, the transmit sensitivity of a single
channel was observed. Three cycles of 8.61 MHz sine signal
were applied to the device, and the acoustic pressure was
measured using the needle hydrophone. The CMUT ele-
ment was biased at 70V DC bias voltage superimposed
with an AC peak-peak voltage increasing from 1V to 10V
through a bias-T structure to characterize the transmit
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sensitivity. The voltage signal from the hydrophone was
amplified through a preamplifier and a DC coupler and
measured using an oscilloscope. Acoustic pressure was
converted from the obtained voltage signal based on the
pre-calculated sensitivity of the hydrophone. The focused
ultrasound beam profile was measured by scanning the
needle hydrophone over a 12-mm-by-15-mm plane. 1.5
cycles of pulses at a center frequency were transmitted
from 32 channels where each channel was driven with a
phase delay to form a focus at 2cm depth. Acoustic
intensity was calculated using the following equation, with
a density of 0.9175g/cm® and a speed of sound of
1483.4 m/s, respectively “**%,

The receive sensitivity of the transducer was measured
in a pitch-catch setup. The CMUT array was immersed in
the oil chamber to transmit from a channel and receive
from a neighboring channel. The oil-air interface served
as a reflector, which was 10 mm away from the transducer
surface. A single channel of the transducer was driven by
the 3-cycle sine wave at the center frequency of the device
with an AC voltage sweep from 1V to 10V, and the
reflected signal was received by an adjacent channel. The
received signal was amplified through a low-noise voltage
amplifier (LNA-HF, Ciprian, France) with a gain of 60 dB.

B-mode ultrasound imaging

B-mode ultrasound imaging was conducted on the
custom-built string phantom using the patch-type
CMUT. A Ca’ -modified silk patch was applied between
the device and the surface of the phantom to attach the
CMUT device to the top of the phantom. Film dressing
(Tegaderm, 3 M Company, USA) was attached to the top
to support the whole structure. The custom-built string
phantom consisted of a gelatin block and aluminum wires.
150 ml of deionized water was applied to the 45g of
gelatine powder, and the mixture was heated to 80 °C on
the hotplate to completely dissolve the gelatine. The
gelatine solution was stirred a rate of 250 rpm for 2 h to
degas the bubbles completely. A 5cm plastic cubic mold
with holes on the side walls was 3D printed with a ste-
reolithography printer (Form 3, Formlabs, USA). 100-um-
thick copper wires were inserted at depths of 1, 2, and
3 cm of the cube. Next, the gelatine solution was poured
into the mold. The phantom mold was stored at 30 °C and
60% relative humidity in a thermo-hydrostat (TH-ME-
025, JEIO TECH, South Korea).

B-mode linear imaging of the string phantom with a depth
of 5cm was conducted using the diagnostic ultrasound
system (Biopson, Barreleye, Korea). The system was spe-
cially modified to allow the application of a DC bias voltage
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(70V) to CMUTs. To evaluate ultrasound imaging perfor-
mance, the point spread function of the strings at each
depth was extracted from the linear B-mode image. The
brightness of the point image for axial and lateral directions
was measured and compared against the noise level.

Long-term imaging test

Using the same imaging setup, B-mode imaging sessions
were conducted over one day for every 12 h. The patch
attached to the phantom was stored at 30°C and 60%
relative humidity inside the thermo-hydrostat. For every
session, the full width at half maximum of the axial and
lateral resolution was calculated from the point spread
function of the string phantom at 1 cm depth to evaluate
the long-term operation of the patch-type CMUT. The
stability of the ultrasound beam was also measured by
obtaining a beam profile every 12h over one day. The
single CMUT channel was driven under the same con-
ditions as the conditions used for B-mode imaging.

Imaging using CMUTs under strain

To emulate the wearable environment where stress is
applied to the device due to the body movement, the
patch-type CMUT was attached to another gelatine
phantom (5 cm wide, 4cm tall, and 1cm thick) with a
wire placed at 1 cm depth. The phantom was bent in three
orthogonal directions and twisted back and forth. The
point spread function was obtained from the B-mode
image to compare the signal-to-noise ratio for each case.

Ex vivo experiment setup

With the aforementioned setup of phantom imaging, the
patch-type CMUT was attached to the surface of the chicken
breast phantom. A PZT die with a thickness of 0.2 mm was
coated with silicon elastomer (KWIK-SIL™ silicone adhe-
sive, WPI, USA) and implanted at a depth of 1cm depth
within the chicken breast phantom. A pair of wires from the
PZT dice was directly connected to an oscilloscope
(DSOX2022A, Keysight Technologies, USA) to read out the
voltage signal induced by transmitted ultrasound.
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